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DETAILED MODELING AND COMPUTER SIMULATION 
OF 
RECIPROCATING REFRIGERATION COMPRESSORS 
Dr. Carl C. Hiller 
Energy Laboratory and 
Department of Mechanical Engineering 
Massachusetts Institute of Technology 
Cambridge, Massachusetts 
INTRODUCTION 
The compressor model presented here has been devel-
oped to simulate overall performance of reciprocating 
hermetic and non-hermetic refrigeration compressors 
with a high degree of accuracy, while requiring a 
minimum of inputs- UQlik~ other models developed 
in recent years(l),(2J,(3J, the present model was 
created for use in total systems studies. Pre-
requisites were that the model, while containing 
sufficient detail to permit accurate simulation of 
internal compressor modifications, be easily manipu-
latable, rapid, and inexpensive to run. The present 
model can be easily used to study the effects of 
many design changes, such as capacity control, or 
internal heat transfer modifications, on overall 
compressor and overall system performance. The 
above is achieved through the use of approximate 
representations of valve dynamics, manifold pressure 
pulsations, and manifold heat transfer, and hence 
the present model is not suited to study factors 
related specifically to valve dynamics. If dynamic 
valve motion is the topic Qf ~n)terest, more complex 
models must be used.(4J,(5J,( 
Factors accounted for in the present model are as 
follows: 
·Real gas properties, rather than ideal-gas. 
·Approximate representations of valve dynamics 
and manifold pressure pulsations. 
·Approximate manifold heat transfer. 
·Motor cooling. 
•Friction losses due to bearings, pistons, and 
rings. 
•Motor efficiency and speed variation with load. 
·Effect of oil circulation. 
-Various capacity control schemes. 
DESCRIPTION OF MODEL 
Discussion of the compressor model can be divided 
into three major sections: 
1. Cylinder processes, valve, and manifold 
modeling, 
2. Motor cooling, friction, and suction-
discharge heat transfer, and 
3. Oil circulation effect on capacity. 
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Cylinder Processes, Valve, and Manifold Modeling 
All positive displacement compressors can be modeled 
by a four-step cylinder process, as shown in Figure 
1 : 
1. Intake and mixing with residual mass, 
2. Compression, 
3. Discharge, and 
4. Re-expansion of residual mass. 
The present model treats the compression and re-
expansion processes as non-isentropic, through the 
use of an isentropic efficiency term. It is impor-
tant to note that, since the above isentropic 
efficiency is concerned only with specific portions 
of the total compressor processes, values usually 
greater than 90 percent are to be expected. By com-
parison, the overall compressor isentropic efficiency 
is typically 60 percent or less. Specific losses, 
such as motor cooling, and others to be mentioned 
later, contribute the major portions of the overall 
low efficiency. 
Correctly modeled, the intake and discharge processes 
should include the effects of valve dynamics and 
manifold pressure pulsations. Dynamic valve simula-
tion, however, would considerably complicate the 
model, and computational time would be prohibitive 
in overall performance simulations. A two-part 
representation is used for valve dynamics and mani-
fold/cylinder pressure interactions in the present 
model. First, the cylinder pressure behavior seen 
in Figure 2 is modeled as a constant pressure over-
shoot 6PD or undershoot 6PS above or below average 
discharge and suction pressures. Second, the closing 
delay of the discharge valve, eo, is modeled as an 
increase in the effective clearance volume, and the 
closing delay of the suction valve, es, is modeled 
as a decrease in the effective displacement volume. 
Actual effective values of 6Po, 6Ps, eo, and es will 
vary not only with compressor speed, size, valve 
design, and manifold design, but also with pressure 
ratio, refrigerant, and flow rate. It has been 
found, however, that satisfactory results can be 
obtained, except near extreme operating limits as 
discussed later, by using constant values for a given 
compressor. The normal ranges to be expected for 
6Po, 6Ps, eo, es, and other parameters have been 
established from experim~nta1 ~e9s~rements by a 
variety of investigatorsll),(2J,(7J, and are 
summarized in Table l. When data on a particular 
compressor of interest, or on one similar to the one 
of interest, is not available, values near the limits 
of Table l should be used to obtain the most con-
servative results. 
Motor Cooling, Friction, and Suction-Discharge Heat 
Transfer 
The effect of motor cooling, internal friction, and 
suction/discharge manifold heat transfer is to heat 
the suction gas, producing a decrease in refrigerant 
density entering the cylinders, and reducing the 
mass flow rate. The present model iterates to find 
the rise in suction gas temperature due to the above 
effects. Mechanical efficiency of reciprocating 
compressors, accounting for friction in bearings, 
pistons, and rings can be expected to range between 
90-98 percent for medium and large compressors, and 
could be somewhat le~s in small, fractional horse-
power compressors.(BJ All simulations to date with 
the present model have used 96 percent mechanical 
efficiency. Motor efficiency and speed variation 
as a function of percent load have been included in 
the model, with typical efficiencies being 85-89 
percent and typical speeds being 95-99 percent of 
synchronous speed. Most of the heat generated by 
motor inefficiency and friction in hermetic and 
semi-hermetic compressor is given to the suction 
gas. A smqll)portion, however, usually less than 
20 percentllO , is lost to the ambient by convec-
tion and radiation from the compressor shell. 
The evaluation of heat transfer between suction and 
discharge manifolds is done in an approximate manner 
because there are a variety of manifold designs, and 
data on heat transfer coefficients inside of com-
P.ressor passages is rare and not well correlated 
(11),(12). The present model for suction/discharge 
manifold heat transfer is for heat flow from hot to 
cold gas streams separated by a thin metal wall. 
The wall is modeled as a flat plate with negligible 
resistance to heat flow, and some simple assumptions 
are made concerning relative flow areas on suction 
and discharge sides of the manifold. The purpose of 
the model is not to simulate the flow passages inside 
the compressor exactly, since even when details of 
the flow passages are known, exact simulation of the 
heat transfer would still be difficult at best. 
Rather, the purpose of the heat transfer model is 
to allow the investigator to simulate a desired 
temperature rise in the suction gas at a given con-
dition, and to study the variation of that tempera-
ture rise with flow conditions. Table 1 gives some 
approximate values for rise in suction gas tempera-
ture due to suction/discharge h~at transfer, learned 
from literature on the subject.ll3) 
Oil Circulation Effect on Capacity 
Cooper(l4) has pointed out that circulation of lubri-
cating oil with the refrigerant can reduce available 
compressor capacity by as much as 20 percent. The 
reduction of capacity results from some refrigerant 
remaining in solution with the oil as it leaves the 
evaporator. Solubility of oil-refrigerant mixtyre~ 
has been discussed by Bambach(l5) and Spauschusll6J. 
The present compressor model is equipped to determine 
oil-refrigerant solubilities as a function of 
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temperature and pressure, for refrigerants 12 and 22. 
Oil circulation rates for particular compressors 
have been obtained from the manufacturers, and are 
typically between 0 and 15 percent of the total oil-
refrigerant mixture flow rate by weight. 
VERIFICATION OF MODEL 
Three different compressors have been studied for 
the purpose of verifying the present compressor 
model: 
1. Carrier 06D-824, a relatively large, semi-
hermetic refrigeration compressor of nominal 
9-ton capacity. 
2-. Carrier 060-537, a large, semi-hermetic refrig-
eration compressor of nominal 14-ton capacity. 
The 537 is a larger version of the 824 com-
pressor above, having the same bore, but a 
longer stroke. 
3. A relatively small, nominal 3-ton, fully 
hermetic refrigeration compressor. (Manu-
facturer wishes to remain unidentified.) 
All necessary data for the above compressors has 
been supplied by the manufacturers. Comparisons of 
actual and predicted performance for the above com-
pressors are given in Figures 3, 4, and 5, respec-
tively. - - -
It can be seen that the simulations of the 060-824 
compressor are highly accurate. The worst error for 
predicting power consumption is about 8 percent, 
occurring at the extreme limit of low suction 
temperature, and improves rapidly to within 5 percent 
over most of the operating range. Similarly, the 
worst error for predicting capacity is about 15 per-
cent at the extreme limit of low suction temperature, 
and improves rapidly to within 6 percent over most 
of the operating range. 
The accuracy of the OGD-537 simulations is not quite 
as good as the 060-824 simulation. The worst error 
for predicting power consumption is about 21 percent, 
occurring at the extreme limit of high suction 
temperature and low condensing temperature, and 
improves rapidly to within 7 percent with either 
increasing condensing temperature or decreasing 
suction temperature. The worst error for predicting 
capacity is about 11 percent at the extreme limit of 
low suction temperature, and improves rapidly to 
within 5 percent over most of the remaining operati~ 
range. 
It is worthwhile to study why there is a difference 
in accuracy between the 060-824 and 537 simulations. 
Both models are of similar design, differing pri-
marily in the length of the stroke. The head plate, 
valve, and manifold design is very similar, if not 
identical, in both compressors, because they are of 
the same model series. As noted, the region of 
greatest inaccuracy for the 537 simulation is at low 
condensing temperatures and high suction temperatures, 
indicating a high refrigerant flow rate. A possible 
explanation is that the manifold and valve design 
are adequate for the 824 compressor under the above 
conditions, while they are not large enough for the 
537 compressor, with its higher mass flow, causing 
a flow restriction which the present model does not 
account for. Moreover, as shown in the parametric 
studies to be discussed shortly, compressor power 
requirements are highly sensitive to increased head 
pressure in the low head pressure - high suction 
pressure region. 
The accuracy of the 3-ton compressor simulations is 
also within acceptable limits. The worst error for 
predicting power consumption is about 16 percent, 
occurring at the extreme limit of high suction 
temperature and low condensing temperature, and 
increases to within 8 percent at higher condensing 
temperatures. Accuracy for predicting capacity is 
within 1 percent over the entire operating range. 
There are several important differences in modeling 
the smaller 3-ton compressor compared to the larger 
semi-hermetic units. One important difference is 
that the smaller unit runs at 3500 RPM compared to 
1750 RPM for the larger units. When running at 
higher speeds, the amount of closing delay for 
suction and discharge valves becomes more pronounced. 
The larger surface-to-volume ratio of smaller com-
pressors also makes cylinder heat transfer more 
significant than in larger compressors and causes 
smaller compressors to have lower isentropic com-
pression and expansion efficiency than larger units. 
Larger surface-to-volume ratio also increases 
suction/discharge manifold heat transfer. The per-
centage of oil circulating with the refrigerant is 
often greater in smaller compressors for a similar 
reason. 
SIMULATING CAPACITY CONTROL 
Capacity control via clearance volume control is 
easily simulated by changing the clearance volume as 
input to the model. Capacity control via late 
suction valve closing is easily simulated by speci-
fying the closing delay parameter es for the suction 
valve. A slight modification would be desirable, 
however, to account for throttling of the gas as it 
is forced back through the suction valve. 
In order to simulate capacity control via motor 
speed control, the efficiency of the speed contra! 
device and its effect on motor waste heat must be 
considered. Furthermore, possible effects on valve 
dynamics should be explored. The speed control 
method has not been included in the present model. 
The present model has been specially equipped to 
model the early suction valve closing (or "cut-off") 
method of capacity control.(i7) One additional 
parameter is required to indicate the amount of 
capacity reduction desired. The expansion of the 
gas in the cylinder after cut-off is modeled in a way 
similar to the re-expansion portion of the stroke. 
PARAMETRIC STUDIES 
Results of parametric studies, showing effects of 
changing the parameters given in Table 1 on capacity, 
power, and overall efficiency, over the entire oper-
ating range of the 06D-537 compressor, are summarized 
in Table 2. It is important to note that compressors 
which are designed to have low values of es and eo 
normally have high values o~ 6Ps and 6PD, and con-
versely, compressors with low values of 6Ps and 6PD 
normally have higher values of es and eo. The effect 
of varying oil circulation from 0 to 10 percent by 
weight has little or no effect on flow and power of 
the compressor. Rather, the effect is to reduce 
cooling capacity in the evaporator by reducing the 
amount of refrigerant available for evaporation, 
since some of the refrigerant remains dissolved in 
the oil as it leaves the evaporator. The effect is 
strongly a function of evaporator superheat, per-
cent oil circulation, and refrigerant. The higher 
the superheat leaving the evaporator, or the lower 
the oil circulation rate, the less the capacity 
reduction will be. 
Technical details of the present compressor model 
are available in Reference 18. 
CONCLUSIONS 
The most important input parameters to the simulation 
model, as seen from Table 2, are 6PD, 6PS' nis' and 
nmech· The effects of both nis and nmech are rela-
tively constant over the normal compressor operating 
range. The effect of 6Ps, however, becomes very 
large at the extreme limit of low suction pressure, 
due to greater density change per unit pressure drop, 
and is the cause of simulation inaccuracies in the 
above region. Likewise, simulation inaccuracies in 
the high suction pressure - low discharge pressure 
region of operation result from the increased sensi-
tivity to 6PD in that region. In the latter region 
increases in 6PD add substantially to the total 
pressure difference across which the compressor must 
pump, and the high mass flow rates associated with 
the latter region often cause increased internal 
pressure drops which raise the effective value of 
6PD. 
The above inaccuracies in the compressor simulation 
model are usually tolerable because, during normal 
operating in refrigeration or heat pump systems, the 
compressor does not operate in the extreme regions. 
The present compressor model can, therefore, be a 
valuable design or trouble-shooting tool for 
assessing the effects of internal compressor modifi-
cations, system modifications, non-standard appli-
cations, refrigerant changes, and more. 
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SUMMARY OF NORMAL F.ANGE OF VALUES FOR INPUT 
PARAMETERS OF COMPRESSOR SIHULIITION 
1800 RPM OR BELOW 3600 RPH 
!.ii.RGE MEDIUH SMALL SMALL VERY SMALL 
lO - 30 psi 
0 - 10° 
0 - 20° 
10 - 30 psl 
0 - 10° 
0 - 20° 
10 - 30 ps;_ 
5 - 20° 
5 - 30° 
10 - 50 ~si 
1 - 5 psi l - 5 psj, 1 ~ 5 psi 1 ~ S :psi 
,94 _ ,98 .90 _ .% .85 _ ,90 I .88 _ .g5 
.94- .98 .94- ,98 .92- .96 ,90 - .96 
.so- 1.0 .80- loO .so- 1.0 .80- l.O 
MORE SUBJECT TO DESICN VARIATIONS 
UNKNOWN 
%011 0 - 5% o - J.O% o - 1o;; I o - 10% 
Suct-Olsc. AT S .::_ 20°F 
Heat Trans. 
6T5 2 30°F ~TS 2 50°F ~TS 2 50°F 
Whe;t;e: 
SVR = Surface to Volume Ra.t;i,o of Cylinde.r 
LARGE = SVR < 2.8 i~ 
MEOIUH = 2. B < SVR < 3. 2 -?-
SMALL = 3.2 < SVR < 4 ~ ~n 
>n 
VERY' SMALL m 4 < SVR 
8D o:::: P;i,sc.llarge Valve. Closing Dela-y (Degrees after TOC) 
8
5 
:c Sucr.lon Valve C:lc.ei.ng Delay (Degrees after BDC) 
.6PD Equivalent Cylinder Pressure Overshoot on Discharge 














Compression and Expilnsion Isentl:"opic. Efficiency 
Coto.prcssor Mech~nical E:fficienc.y Due to F~iction 
:Percent of Mot.or and FT:lct:l.on Heat Given to Suction Gas 
We;i,ght Perc.e.nt of Oil Circol~ting in Syste.m 
Additional Suction Gas Superheat Due t.o Suction-DiscOa.rge Heat 
Transfe1; .at Low Suction Pr~ssu.-;r;e-ll;igh Dlsc.harge Pressure (l:ligll 
Pressure Ratio) Cond;i~ion 
Table 2 
SUMMARY OF J:FFECTS OF VARYING INPUT PARAHEJERS ON 
CARRIER MODEL 06D-537 COMPRESSOR PERFORMANCE 
CHANGE IN 
CHANGE CHANGE lN OVERALl. 
VARY IN FLOW POWER J:FFICIENCY 
PROM - TO (%) (~) (%) REMA.l!.KS 
0 - 10° ATDC -4% -3% or. lnveJ;"sel.y -;r;eh.teQ to 
llPD 
0 - 20° ABDC -4% -4% ox Inve:rse.ly related to 
~Ps 
10 - 30 psi -37 +3% -3% More significant. effec.t 
at low pre:ssure rat1o:s-
see Appendi:x: .!!. 
1 - 5 psi -10% -3% -4% More significant effect 
at low suction p:ressure.s-
see Appendix .!!. 
94 - 98% +V~ -71. +6?. 
94 - gar +2% -4~o +4% 
OTHER EFF~CTS 
loMC 80 - 100X - Negligible 
%Oil 0 - lOr 
Suct.~Disc~ 
Be::.tt Trans~ 
- Negl1.gibl(-' effect on flow~ power~ or overall 
efficiency, but large effect on evaporar:o:r 
cap .. ~city (lOi. capacity reduction) 
- 30°F additional ~uperheat .'lt: low suc.t:ion 
pre.s!'>UI"e :and. h;igh discharge pressure reduces 
flow by 7% with negligible effect: on power~ 
ancl hence .re:duc.es overall c.omp:re:ssar 
effic.ienc.y by 4%. At lower pressure t".'atios, 
the additional superhear: is much le:ss, :'l.nd 
























..... - ................ 















TYPlCAL VALVE, CYLINDER. PRESSun, AND MANIFOLD PRE-SSURE 






cm·WARTSO~ nr ACTJ:TAI. /1.1\rlJ PRrnrr'f'rn PF.RFI1RH!\~~rr nF 





















10 20 30 40 50 
t:;.aturar.ed Sucti.on 'T'cmueraturl;" ( 11 r) .......________ 
Figure 3 
COMPARISON !'JF' AC1'UAL ANn PRF;nirTtn 'P:FRFOPJ1A'\II';"F. nF 
CARRIER MODFL 06n-537 COMPRESSOR 
--Actual 
-0- Prerl ic tert 
15•p f:uT,~e:rheat 
O~F !=:ubc.oolin~ 
-10 10 20 30 -~ 50 





Saturattt!rl Suc.tion Temnern.ture ("F)~ 
Figure 4 
COMPARISON OF ACTUAL ANT'l PRFDTr.TEn t''F.:RFORJ-!A"{r,p np 






















-1 10 20 JO 40 50 60 








-1 10 20 Jn 40 50 60 
Satm;'ate:d Suction Te:rnperat1~re ("F)--
Figure 5 
17 
